A technique for the preparation of large monodomain phospholipid bilayer arrays is described. Evidence for the monodomain nature of the samples, obtained from optical birefringence, light scattering, and x-ray diffraction experiments, is presented.
In recent years there has been much interest in the phases exhibited by lipid-water mixtures because of the use of these systems as model membranes. Phases of greatest biological interest have been shown to have a smectic (lamellar) structure (1-3) wherein lipid bilayers are separated by layers of water. Many physical studies of lamellar bilayer arrays require monodomain (oriented) samples, i.e., ones in which many planar bilayers are stacked. As a result, techniques have been developed by which oriented samples may be produced. These involve smearing the mixture between glass plates (4), layer by layer deposition (5), or by deposition from evaporation of solution (6) . We present here a new technique by which much thicker monodomain bilayer arrays (about 101 bilayers thick), may be grown, along with evidence for the monodomain nature of these samples.
Orientation of the bilayer arrays is obtained as follows. The samples consist of two treated glass slides clamped together with a spacer and the lipid-water mixture to be oriented in between. The spacer (either glass or Teflon) determines the sample thickness and contains the mixture. The glass slides are treated with a polymerizable surfactant to orient the bilayers near the glass surfaces. The method for application of the silane surfactant, N,N-dimethyl-N-octadecyl-3-aminopropyltrimethoxysilyl chloride, to the glass surfaces is given by Kahn (7) and was initially applied to liquid crystal orientation. Assembly of the sample is done in a dry nitrogen atmosphere. The sample is then heated to the high end of the temperature range of the smectic A (lamellar) phase. At this temperature, the smectic A phase is in its most fluid state, i.e., viscosity is minimum, diffusion constants and dislocation mobility are maximum. Hence, annealing of the distorted lamellar structure to its lowest energy (planar) configuration is most rapid. In a dipalmitoyl lecithin-2% H20 mixture (Monohydrate), annealing to the plane configuration is obtained by slow heating (about 0.50C/min) to a temperature of about 125CC, slightly below T8i -1309C, the smectic Aisotropic transition temperature. Care must be exercised not to exceed T5i since the phase adjacent at high temperature to the smectic A phase in lipid-water mixtures is in general not locally bilayer in nature. For T > TLi, then the local smectic structure is completely destroyed and orientation cannot be obtained so readily. Oriented bilayer arrays of dipalmitoyl lecithin-2% to 10% H20 and egg lecithin-2% to 10% H20 mixtures have been obtained by this method. Orientation is achieved most readily at low water concentrations, with arrays of up to 1 cm2 in area and up to 500 jsm thick obtainable in dipalmitoyl lecithin-2% H20 and egg lecithin-2% H20 mixtures. Orientation of dipalmitoyl lecithin-2% H20 mixtures containing cholesterol or monovalent or divalent ions has also been obtained. The cholesterol (up to 10% dry weight) was added by dissolving known amounts of the lecithin and cholesterol in small amounts (about 1 ml) of benzene, freezing the solution, and drying it under reduced pressure. Ions were introduced by dissolving the desired salt in water to which the dry lipid was added. The dipalmitoyl lecithin and cholesterol were obtained from Calbiochem, and egg lecithin was extracted by the method of Singleton et al. (8) . The dipalmitoyl lecithin, egg lecithin, and cholesterol were found to be >99.9% pure by thin-layer chromatography.
Upon annealing to the planar configuration the samples lose their turbidity, which provides initial evidence for alignment. Further evidence is obtained from conoscopic interference determinations of the optical birefringence. Detailed studies have been made for dipalmitoyl lecithin-2%1 H20 mixtures. Over the temperature range 150'C-20'C, four phases are observed. From high to low temperature these are, using thermotropic liquid crystal notation:* (9) for the average refractive index, have been used to calculate the uniaxial birefringence (n" -nx) and biaxial birefringence (ny -n.) of the various phases.
These results are shown in Fig. 2 . The uniaxial birefringence increases with decreasing temperature in the smectic A phase and is positive, as will be discussed below. This is consistent with the gradual orientation or elongation of the hydrocarbon chains, which contributes substantially to the positive uniaxial birefringence, n, -nx (3, 10) . At the gel transition, which is known to be first order, n2 -nx increases abruptly and remains fairly constant below Tgel. Below the smectic Ba -smectic B0 transition temperature, Tc, typically 70-100C below Tgei, biaxiality appears with ny -n. increasing approximately as TC-T. The birefringence of a sample of dipalmitoyl lecithin-2% (0.1 M NaCl solution) is shown in Fig. 3 and is virtually the same as that shown in Fig. 2 except that the biaxial birefringence is considerably reduced. Since this concentration of sodium chloride changes the thickness of the bilayer by only a few percent (11) , it seems unlikely that this reduction in biaxiality is due to a structural change in the hydrocarbon region. Rather, it appears that the biaxiality is associated with the polar groups.
Because of the gradual onset of the biaxiality, it is not possible to distinguish unambiguously the Ba -^B, transition from the birefringence alone, i.e., there may be a small but unobservable biaxiality for all T such that T < T.I. However, a determination of the elastic coupling between adjacent layers, described below, indicates the presence of a separate phase transition at T,,, the temperature of the onset of biaxiality. Note birefringence. To test for this latter possibility, samples in the Be phase were removed from the glass slides, cooled to 770K, and returned to room temperature. Through this cycle, samples fractured extensively but the biaxiality remained qualitatively unchanged, apparently eliminating stress birefringence as the cause of the biaxiality.
We have made a preliminary study of the elastic properties of the various lipid bilayer phases using light scattering from dilation-induced undulations in the layers as a probe (12) . A distortion from perfect planar configuration is described by u(x, z), the local displacement of the layers along the z-axis. The elastic energy of a distortion, 5F, is given by From the positions of the spots on the crescent, V\K/BI'B 100 was found. tance 1 -X 2/Xo, which can be >>X. If X, is an optical wavelength (about 104 A.), then 1 1 mm. In a crystal, C -B and the distortion dies away rapidly, typically in a distance 1 -X, The condition 1>> Xx leads to a characteristic light-scattering effect (12) , with scattered light appearing on a cone about the z-axis (see Fig. 4 ) at points determined by Xo and X,. Undulations of a well-defined wavelength X., = Vo/od may be generated by dilation of a sample of thickness d (13, 15) . The length Xo may be thus determined in the smectic phase. In addition, from the cone angle of the scattered light the sign of the uniaxial birefringence may be determined (12) , and was found to be positive for the dipalmitoyl lecithin-H20 mixtures studied.
The light scattered by undulations is observed in both the smectic A and Ba phases and shows that C < 10-5 B in these phases. We find Xo = o'K/B --100 in both the A and Ba phases, a length that is roughly the bilayer thickness, as may be expected. The scattering abruptly disappears at the Ba a B0 phase transition, indicating that C --B below T., i.e., a substantial coupling between adjacent layers and, therefore, some sort of three-dimensional crystalline ordering develops with the biaxiality in the B0 phase.
Finally, it is well known that the bilayer decreases in thickness as the temperature is raised (1, 2). As a result, raising the temperature of a sample between glass slides produces an effective dilative strain and, therefore, undulations that scatter light. Consequently, samples become turbid and eventually disordered upon. the increase of temperature at a rate too rapid to allow for the relaxation of such distortions.
Preliminary x-ray scattering measurements, aimed at demonstrating the planar alignment of the bilayers, have also been carried out. Results are shown in Fig. 5 crystals. In particular, monodomain samples allow the quantitative study of the optical birefringence and bulk elastic properties and greatly reduce x-ray diffraction exposure times.
